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Polycentric city-regional development has become a buzzword for urban scholars and
planners around the world. Inspired by the two critical characteristics of the polycentric
urban region (PUR) as incubators and hinges of knowledge production, this study revealed
the evolution of the polycentric structure and driving mechanism of PUR from the
perspective of innovation network by using unique inter-city patent cooperation data.
The results show that: 1) The innovation networks exhibit hierarchical and uneven
characteristics, with the economic core cities becoming incubators and hinges of
innovation and dominating the development of innovation networks. 2) There is
compatibility between morphological polycentricity and functional polycentricity in
PURs, but there are also differences. Although the morphological polycentricity of three
PURs has improved, functional polycentricity is underdeveloped. 3) The geographic,
institutional, institutional, and cultural proximity play the facilitating role for inter-city
knowledge flows and their polycentric enhancement, but city attributes such as
population size have a lower impact. Our study is believed to renew the knowledge
polycentricity conceptualization and enlighten the evolution of innovation network.
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1 INTRODUCTION

Since the 21st century, most economically developed polycentric urban region (PUR) have shown
polycentric development trends (Steven et al., 2015) and have attracted extensive attention from
economics, geography, and planning disciplines [1]. In spatial planning, polycentric development is
also regarded as a vital strategy to alleviate the over-concentration of resources in large cities and
improve the overall regional competitiveness and social cohesion [2]. Due to the different
geographical scales and development stages, polycentricity has different meanings [3], which
leads to considerable ambiguity in its understanding, and no consensus has been formed [4].
However, the measurement of morphological polycentricity relies mainly on that of socio-economic
statistics, which not only lacks uniform criteria for center classification and threshold delineation[5],
but is also often restricted by administrative divisions, making it difficult to accurately reflect the
complex and diverse functional linkages and measure functional polycentricity [6].

With the rise of the network society, PURs are no longer considered morphological entities with
clear administrative boundaries but functional regions with close linkages between multiple centers
[7]. [8] reformulated relational polycentricity as functional polycentricity, which was widely
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recognized by other scholars. In this context, regional
polycentricity refers to the balanced distribution of PUR and
emphasizes the year of close functional linkages between centers
[9]. However, although scholars have interpreted polycentricity
in multiple scales and dimensions [10], there are still some
shortcomings for polycentricity measurement due to the
difficulties of data acquisition (Veneri and Paolo, 2013).
Therefore, the empirical study of polycentricity is still
challenging [11].

In recent years, the rapid development of big data technology
has provided powerful support for obtaining complex relational
data among cities [12,13], thus becoming a new perspective and
method for measuring the spatial structure of cities and regions
[14]. However, previous studies have analyzed the socio-
economic patterns of PURs and their polycentric structures
using enterprise networks or transportation networks [15],
while ignoring the crucial functions of PURs as innovation
incubators and hinges, especially the lack of analysis on the
evolution process of knowledge polycentricity in PURs [11].
With the knowledge economy development, inter-city
knowledge flows characterize higher-energy innovation
linkages and become the determinant of the global
competitiveness of PURs [12]. Exploring the morphological
and functional polycentricity of PURs based on the perspective
of innovation networks is the way to fully understand innovation
space formation and promote balanced and sustainable
polycentric development of PUR. Therefore, this paper
examines the evolution pattern of knowledge polycentricity in
PUR from three dimensions: Network pattern, morphological
polycentricity, and functional polycentricity to increase the
understanding of PUR development, which could propose
policy implications for collaborative innovation development
of PUR.

This paper answers three main questions: 1) What are the
characteristics of region science system innovation network
pattern evolution, and which cities function as the innovation
incubators and hinges? 2) How to measure the PUR structure,
and is there consistency between morphological and functional
polycentricity? 3) What are the driving mechanisms for the
evolution of knowledge polycentricity? The innovation points
of this study mainly lie in the following three aspects. Firstly, this
study uses big data technology to obtain long-term inter-city
patent data series to focus on neglected innovation functions
(incubators and hinges) and analyze the evolution of their
innovation network from a dynamic perspective. In particular,
the performance of PUR is interpreted with full consideration of
the strength and direction of inter-city innovation linkages,
providing sufficient information and insights for future urban
regions planning. Secondly, this study establishes a systematic
analytical framework for understanding the structure of regional
polycentricity in three dimensions: Pattern, morphology, and
function, which helps to compensate for the limitations of the
one-sided focus on morphological polycentricity in current
studies and is well adapted to other studies of urban regional
polycentricity. Finally, this study draws on multi-dimensional
proximity theory and constructs an econometric model to analyze
the driving mechanisms of innovation linkages and their

polycentric evolution of knowledge, extending recent
theoretical and empirical studies.

2 REVIEW OF LITERATURE

2.1 Polycentric Connotation
Polycentricity includes both morphological and functional
dimensions. Morphological polycentricity is centered on nodal
characteristics and refers to the spatially balanced distribution of
centers [16]. In terms of measurement, scholars have mainly used
indicators such as the economic output of cities and population
size (Mcmillen and Mcdonald, 2010). In practice, the clearest
indicator of polycentricity is the slope of the best-fit regression
line using the rank-size rule. In addition, scholars have also
compared the observed polycentricity with ideal polycentricity
models and searched for gaps to initially identify polycentric
structures (Wu et al., 2021). For example, [17] used a gravity
model, and [2] proposed a connectivity model to estimate the
ideal polycentricity scenario. In general, morphological
polycentricity focuses on the relative size of nodes and their
importance [18]. However, the essence of PUR is the free flow of
resources such as people and other resources among different
centers and the formation of close functional links [19], and the
city size and its scale distribution are not enough to accurately
portray the polycentric characteristics. In recent years, scholars
have analyzed the polycentric structure of urban areas mainly
from functional polycentricity [20].

Functional polycentricity emphasizes linkages between nodes
and argues that more balanced and multi-pointing relationships
represent a higher degree of polycentricity [21]. state that a
polycentric system “can be defined as a network of node cities
and their interactions.” Scholars have mainly used the social
network analysis proposed to measure it. Currently, scholars use
multivariate relational data such as population flow [22], traffic
flow [15], and enterprise flow [23] to analyze the functional
polycentricity of PUR. In addition, some scholars have also
studied the economic and environmental performance of
polycentric structures in PUR (Xu et al., 2021). However,
different methods of measuring morphological and functional
polycentricity often produce differentiated results and affect the
accuracy of conclusion (Zhang and Derudder, 2019). Scholars
argue that morphological and functional polycentricity are not
mutually exclusive but complementary [24]. Since polycentric is
by urban systems with close inter-regional linkages, their
polycentric structure can be more accurately assessed from a
network perspective [6]. As scholars propose, morphological
polycentricity could be understood from a network
perspective, and city importance can be measured in terms of
the strength of their total linkages in the network [25]. In other
words, from the network perspective, the morphological
polycentricity measurement is based on an analysis of the
relative balance of the overall linkage intensity of cities [15],
while the functional polycentricity measurement is an analysis
that considers the balance of linkage intensity and directional
diversity. PUR can truly achieve balanced and sustainable
development only when they satisfy morphological and
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functional polycentricity, avoid agglomeration negative
externalities, and improve regional competitiveness [26].

2.2 Innovation Network and Knowledge
Polycentric
Due to the complex and diverse functional linkages among cities,
multiple networks are gradually formed [27,28]. The geographic
scope and spatial structure of urban networks vary under
different types of linkages [6], and localities assume diverse
political, economic, and innovative roles. For one function,
cities are at the center, but not in comparison to other
functions [29]. Although scholars have explored the
polycentric structure of PUR using multiple types of
functional linkages [18], there is a relative lack of research on
the polycentricity of inter-city knowledge cooperation and its
innovation networks [30]. In the knowledge economy era, the
comprehensive competitiveness of PUR depends more on the
level of innovation [6], and knowledge flows and their formation
of innovation links are increasingly becoming the core of inter-
city relations [31] and affecting the evolution of the spatial
structure [32]. Drawing on [33] idea of PUR as innovation
incubator and hinge [34], propose the concept of knowledge
polycentricity and analyze the knowledge flows within and
outside city clusters and their impact on the evolution of
spatial structure in the Yangtze River Delta. In addition, [35]
used the Gini coefficient approach to measure the evolutionary
characteristics of the polycentric science system in the GBA and
analyzed its driving mechanism. With the increasing intercity
knowledge cooperation, the flow of innovation factors within and
outside the PUR is becoming more frequent and agglomerated in
some cities. Then, these cities gradually become important
incubators for knowledge production and innovation, which
promote the development of morphological polycentricity. In
addition, under the role of priority linkage mechanism, some core
cities become important contacts for other cities and gather a
large number of high-intensity innovation linkages, which
become the hubs of innovation networks and play an
important hinge function in internal and external knowledge
cooperation in PUR. These studies have opened up new horizons
for research related to innovation linkages of PURs and their
network structures but still lack the analysis of the evolution
pattern of innovation network morphology and functional
polycentricity.

Although scholars have conducted more studies on
polycentricity, there are some shortcomings in the following
aspects. Firstly, polycentricity is a dynamic process of spatial
integration, and the degree of polycentricity of PUR will increase
with the growth of city size and the strengthening of inter-
regional ties. However, existing studies mainly measure a
single time to analyze regional polycentricity while lacking a
dynamic evolutionary perspective to analyze its evolutionary
process. Secondly, although scholars have used relational data
such as traffic flow and information flow to measure the
functional polycentricity of PUR, the impact of knowledge
system polycentricity and its collaborative innovation
development in PUR has been less measured at the level of

knowledge cooperation. Finally, the current studies focus on
analyzing the global PUR structure and it is planning practices
in developed countries but lack analysis of the mechanisms
driving the polycentric structure of knowledge systems in PUR
in developing countries, especially the impact of multi-
dimensional proximity on the formation and evolution of
polycentric network structures in conjunction with proximity
theory.

3 RESEARCH DATA AND METHODS

3.1 Research Method
3.3.1 Innovation Network Construction
In this paper, we constructed the inter-city innovation network
through the following steps. Firstly, the data of joint patent
applications were extracted. The data of joint patent
applications published by the China Intellectual Property
Office (CNIPA) were extracted through big data technology,
including the basic information such as inventors’ names,
units, and regions. In this study, big data technology is used to
crawl and download the patent data stored in the Patent
Information Service Platform website based by writing a
programming due to the difficulty of downloading the huge
amount of website data directly. Secondly, geographic
information was matched. The python software is a
programming design language library that provides efficient
high-level data structures for simple and effective object-
oriented programming and has been widely used in web
development, artificial intelligence, spatial statistics, and other
applications. In this study, we use the python software geocoding
function to write a programming language which matches the
address information of each patent to each city, thus
transforming inter-patent cooperation linkages into inter-city
patent cooperation. Therefore, this paper constructs a
weighted and directed OD matrix from the patent cooperation
data between city i and city j to generate the innovation network
(Eq. 1). The final step is innovation network construction and
spatial visualization. The strength of inter-city innovation linkage
was used as the weight of network edge, and the total amount of
city innovation linkage was used as the weight of nodes to
construct the OD linkage network and visualize it spatially
through GIS software.
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3.3.2 Measurement of Morphological Polycentricity
and Functional Polycentricity
The degree of polycentricity is often measured by the rank-size
analysis, which describes the distribution pattern of city size to
reveal morphological polycentricity. The social network analysis
method focuses on measuring the network topology to reveal
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functional polycentricity. To comprehensively analyze the spatial
and temporal evolution of knowledge polycentricity in the three
major PURs, we measured the morphological and functional
polycentricity of the PURs by means of rank-size analysis and
social network analysis.

1) Morphological polycentricity: Scholars have used various
methods to characterize the distribution of urban
hierarchical scale and measure the morphological
polycentricity of PURs by comparing them to monocentric
or polycentric structures in an ideal state. [1] suggested that
there is a balanced distribution of large and small cities in the
PUR system, rather than dominated by a single large city.
Therefore, the size distribution of large and small cities in the
PUR is long and more planar. The morphological
polycentricity of PUR could be identified by means of
rank-size analysis. If the absolute value of the slope of the
fitted line q (polycentric index) is greater than 1, it indicates
that the cities are more decentralized in size and have the
polycentric characteristics. If the absolute value of the slope of
the fitted line is less than 1, it indicates that large cities
dominate the development of the urban system and have
the monocentric character. We characterized and ranked the
size in terms of the number of city patents and measured the
degree of polycentricity within PURs by applying the rank-
size (Zipf) analysis.

Pi � P1R
−q
i (2)

lgPi � lgP1－qlgRi (3)
In Eq. (2), Pi is the number of patents in the city i, P1 is the

number of patents of the first city; Ri is the rank of the ith city in
the number of patents of all cities, lg means take logarithm. q is
the rank of size index, also known as a polycentric index. The
absolute value of q represents the monocentric-polycentric degree
of the spatial structure of PUR and is a negative indicator. With
the larger absolute value of q, the spatial structure of PUR tends to
be more monocentric.

2) Functional polycentricity: The functional polycentricity of the
innovation network of PURs was measured by drawing on
Green’s modified social network analysis with the following
equation.

Network density (D): In the complex network, network
density reflects the closeness of the overall connection between
nodes, which is equal to the proportion of the actual number of
connections and the theoretical maximum possible number of
connections.

D � ∑k
i�1
∑k
j�1

d(ni，nj)
n(n − 1) (4)

In Eq. 4, D denotes network density, k is the number of nodes,
and d(ni, nj) takes the value of 1 or 0, indicating the existence or
non-existence of cooperative links between city i and city j.

PF � (1 − σF /σFmax) ·D (5)
In Eq. (5), PF is the network (functional) polycentricity of the

PUR, σF is the standard deviation of the innovation linkage level
of each node in the measured PUR, σFmax is the standard
deviation of the highest value in the assumed two-node
network where one node is 0, and the other node is the
highest value in the network; D denotes the network density.

3.1.3 Measuring of Multi-Dimensional Proximity
As the research on “multi-dimensional proximity and
innovation” has gradually intensified, scholars have defined
various forms of proximity and explored their roles in the
evolution of innovation networks. Drawing on [36], the role of
geographic proximity, institutional proximity, social proximity,
and cultural proximity in the evolution of the polycentric
structures of innovation networks were analyzed, with
consideration of the specificity of inter-city technological
cooperation.

1) Geographical Proximity: The geographical distance between
cities was calculated based on the latitude and longitude of the
cities. Since the administrative center of cities tend to reside in
the center of the district in China, and the latitude and
longitude data of each administrative center are officially
published. Therefore, we use the administrative center of
cities as the starting and ending points, and calculate the
geographical distance between cities using latitude and
longitude data. Since the geographic distances between
some cities are large (e.g., more than 4,000 km), regression
was performed using logarithm in order to reduce the gap
between the data and to eliminate the effects of covariance and
heteroskedasticity in the model. In addition, taking logarithms
would not change the nature of the data and the relative
relationship between the variables. With smaller values of
geographic distance, the cities are closer to each other, and the
geographic proximity is relatively better. The geographical
proximity can be expressed by the following equation, where
dij denotes the geographic distance from city i to city j.

Geoproij � lndij (6)

2) Institutional Proximity: Cities in the same provinces often
have a natural advantage in administrative coordination and
regional division of labor, as well as better institutional
proximity [18]. Therefore, provincial administrative
boundaries were defined by setting dummy variables to
characterize inter-city institutional proximity.

3) Social Proximity: As an important representation of kinship
relations between actors, social proximity also has a profound
impact on the formation and evolution of urban networks.
Drawing on [37], the jaccard index was constructed to
measure social proximity.

Scoproij � Iij/Outi + Ini − Iij (7)
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In Eq. 7, Iij denotes the linkage intensity between city i and
city j; Outi denotes the sum of outflow linkage intensity of city i;
Ini represents the sum of inflow linkage intensity.

4) Cultural Proximity: In this paper, we chose language affinity
as an important indicator of cultural proximity and set a
dummy variable (0 or 1) to describe whether a common
dialect is spoken between two cities based on the 2010
Atlas of Chinese Languages [38].

3.1.4 Negative Binomial Regression Analysis
Due to the number of zeros and the over dispersion characteristic
of the variables in the data, it is difficult to obtain valid unbiased
estimates using the OLS. Based on the panel data of inter-city
patent cooperation from 2005 to 2015, this paper constructs a
negative binomial regression model (NBR) to explore the factors
influencing the evolution of knowledge polycentricity. The
formula is as follows.

Yij � a0 + β1Geoproij + β2Insproij + β3Socproij + β4Culproij

+ γ1Pergdpij + γ2Perpopij + γ3Fdiij + γ4Rankij + εi

(8)
In Eq. 8, the dependent variable Yij is the intensity of inter-

city connections, and Geoproij, Insproij, Socpoij, and Culproij are
the core explanatory variables, which denote geographical,
institutional, social, and cultural proximity. The control
variables are primarily Pergdpij, Perpopij, Fdiij, and Rankij
indicating the level of urban development, population size,
openness to the outside world, and administrative rank. In
addition, a0 is a constant term and εi is a random error term.

3.2 Research Region
In this paper, three well-represented and typical major PURs,
Beijing-Tianjin-Hebei (BTH), Yangtze River Delta (YRD), and
Pearl River Delta (PRD), were selected as the study areas. Three
major PURs are selected as the study regions based on the
following considerations. Firstly, three major PURs are the
most urbanized and industrialized regions in China, and have
formed the more mature regional spatial organization of
economic integration, which is qualified to perform
polycentric network analysis. However, other urban regions
have the low level of urbanization and industrialization and
have not yet formed a more complete spatial organization,
making it difficult to perform polycentric measurements.
Secondly, three major PURs account for more than 40% of the
economy and are the core growth poles of China’s economic
development. Their development has been elevated to a national
strategy by the Chinese government and represents the future
direction and trend of urban regions. Although other urban
agglomerations exist in China, their economic output are far
less representative than the three urban agglomerations. In
addition, although there are only three urban agglomerations
as the study area, BTH includes 13 cities, YRD includes 41 cities,
and PRD includes 9 cities, and the number of all cities has reached
63. Finally, three major PURs have rich scientific and educational
resources, developed high-tech industries and many innovative

talents, and the innovation level is highly developed and a better
science and technology collaboration system has been formed,
which is suitable for performing knowledge polycentric analysis.
Therefore, the selection of three major PURs as the study regions
is representative and typical, which is not only good for
understanding the evolution pattern of PUR knowledge
polycentric pattern, but also has good reference significance
for the formulation of other PUR collaborative innovation
development strategies.

According to the spatial scope of the PUR plan developed by
the Chinese government, BTH includes 13 cities, PRD includes 9
cities, and the YRD includes 41 cities. Since patent cooperation
and social statistics are difficult to obtain for Hong Kong and
Macau, nine cities in the PRD were mainly selected. As the region
with the strongest economic development and innovation
capacity in China, three major PURs have rapid urbanization
and a relatively high level of regional integration. These regions
have become important growth poles leading economic
development and the stage to connect with the world
economy, making them the most international and
representative PURs in China (Figure 1).

3.3 Data Sources
As the world’s largest technology source, patent data
comprehensively reflects the research output of each region
and records the cooperation parties and their basic
information in detail. These characteristics make the patent
data an important data source for describing the flow of
technological knowledge between cities. In this paper, we used
joint patent applications to characterize inter-city patent
cooperation, and these data were obtained from the “Patent
Information Service Platform” in the database of SIPO. In
addition, we used the geocoding function of Python software
to identify and match the spatial attribute information of each
patent cooperation information, and the data of 2005 and 2015

FIGURE 1 | Location of the study area and member cities in China.
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were extracted by cross-checking and manual verification. The
inter-city patent cooperation data of the three major PURs were
filtered out, including 22,460 patent cooperation data in BTH,
34,251 patent cooperation data in YRD, and 12,374 patent
cooperation data in PRD.

4 RESULTS

4.1 Pattern Polycentricity of Polycentric
Urban Regions
Based on the inter-city patent cooperation data, the innovation
linkage matrix of the PURs for 2005, 2010 ,and 2015 was
constructed, and spatial characterization analysis was
performed using ArcGIS software (Table 1). The main
findings are as follows.

1) The inter-city innovation linkages in BTH have been increasing,
but a clear core-edge pattern emerges. Firstly, Beijing-Tianjin has
always been the strongest linkage pair in the innovation network,
becoming the backbone of technological knowledge flows. This
phenomenon reflects that the economically developed core cities
are the incubators and linkage hubs for knowledge production
and external diffusion. Secondly, the innovation linkages
between the edge cities in Hebei Province, such as
Qinhuangdao, and other cities are always at the lowest level,
making it difficult to obtain knowledge spillover, indicating that
inter-city knowledge spillover is still limited by geographical
distance. Moreover, Beijing’s external innovation linkages are
greater than those of other cities such as Tianjin, making the
PUR form an obvious monocentric spatial pattern. Finally, with
the implementation of the BTH cooperative development

strategy, BTH innovation linkages gradually expanded to
cities in Hebei province in 2015. The innovation linkages in
BTH gradually became intensive, and a networked pattern
initially emerged. However, these linkages were still weakly
connected, and the innovation linkages of the PUR showed a
core-edge pattern.

2) The innovation linkages in YRD have formed a more stable
polycentric spatial pattern. Firstly, as the innovation carriers such
as scientific research institutions and high-tech enterprises are
mainly distributed between the eastern cities such as Shanghai
and Hangzhou, innovation linkages are highly concentrated
among economically developed core cities. This type of
linkage distribution reflects the level of economic development
and the concentration of innovative enterprises, which greatly
facilitates inter-city knowledge production and flow. Secondly,
two provincial capitals, Nanjing and Hangzhou, have also
formed high-intensity innovation linkages with other cities in
the province, reflecting that inter-city knowledge flows are still
influenced by administrative divisions. Finally, in 2005, only
Shanghai and Hangzhou formed the highest intensity of
innovation linkages, and the development of the polycentric
structure of the PURwas limited. The development of sub-center
cities such as Nanjing and Hangzhou has also become important
hubs for the concentration of innovation resources, promoting
the rapid development of the polycentric spatial pattern of the
PUR. This result indicates that government planning has also
contributed to the formation and development of the PUR
polycentric (Figure 2).

3) The innovation linkages in PRD mainly revolve around the two
core cities of Guangzhou and Shenzhen, forming a dual-center
network pattern. Firstly, Guangzhou and Shenzhen have much
more total linkages than other cities in the network and have
become important knowledge producers and incubators.
However, there are differences in the basis of their innovation.
Shenzhen has become the innovation network highland with
many high-tech enterprises (e.g., Huawei), while Guangzhou
relies mainly on universities and other research institutions to
become an important innovation center. These differences reflect
that both high-tech enterprises and research institutions play a
significant role in forming innovation centers. Secondly, with the
development of innovation networks, other cities have more
innovation linkages with Guangzhou and Shenzhen, indicating
that inter-city innovation linkages have a strong merit-based
linking mechanism. In addition, innovation factors such as
technology and talent have stronger clustering characteristics
than traditional production factors. Finally, Dongguan and
Foshan also formed high-grade innovation linkages with
Guangzhou and Shenzhen in 2015, respectively. The total
number of external linkages was also increasing, reflecting the
evolutionary trend of the dual-center pattern towards
polycentricity in PRD.

4.2 Morphological Polycentricity of
Polycentric Urban Regions
Drawing on [1], we ranked the number of patents in the cities to
characterize the morphological polycentricity in PURs (Figure 3).

TABLE 1 | Top five innovation linkages of Chinese three PURs in 2015.
Morphological polycentricity and functional polycentricity of three PURs.

PUR Rank Origin city Destination city Linkage Strength

BTH 1 Beijing Tianjin 1,724
2 Beijing Shijiazhuang 1,221
3 Tianjin Beijing 1,099
4 Beijing Baoding 529
5 Beijing Langfang 353

YRD 1 Nanjing Shanghai 377
2 Taizhou Hangzhou 282
3 Nanjing taizhou 252
4 Shanghai Nanjing 245
5 Hangzhou Shanghai 194

PRD 1 Guangzhou Shenzhen 418
2 Shenzhen Huizhou 400
3 Dongguan Shenzhen 306
4 Foshan Guangzhou 275
5 Shenzhen Guangzhou 194

— PURs 2005year 2010year 2015year
Morphological polycentricity BTH 1.71 1.82 1.76

YRD 1.75 1.72 1.26
PRD 1.66 1.58 1.42

Functional polycentricity BTH 0.19 0.11 0.22
YRD 0.31 0.44 0.56
PRD 0.27 0.32 0.47
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Firstly, in terms of evolutionary trends, the absolute values of
the three major PURs’ morphological polycentricity show a
generally decreasing trend, indicating that the morphological
polycentricity of innovation networks is strengthening. With
the rapid urbanization, the increasing knowledge cooperation
in the three PURs has led to the accelerated flow and
agglomeration of innovation factors in some big cities. This

makes these cities become incubators for knowledge
production and innovation R&D, which in turn promotes the
improvement of urban innovation capacity and the development
morphological polycentricity of PUR. With the rapid
urbanization and increasing technological cooperation.
Secondly, BTH polycentric index has the largest absolute
value, followed by PRD polycentric index, and YRD

FIGURE 2 | The innovation network evolution of three PURs.
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polycentric index has the lowest absolute value, indicating that
YRD polycentric structure is the most obvious in terms of the
knowledge size distribution while BTH mainly presents a
monocentric structure. In 2010, the degree of polycentricity of
BTH significantly declined and was only improved in 2015,
indicating that the development of PUR polycentricity is a
cyclical and gradual process and needs to be guided by long-
term observation and planning. Finally, in terms of the
magnitude of the change, the absolute value change of the
polycentricity index of YRD is the largest, while that of the
polycentricity index of the BTH is the lowest, further
indicating that the innovation resources of the BTH are always
highly concentrated in Beijing. Due to the siphoning effect of the
first city on other cities, the knowledge production and
innovation R&D capacity of Beijing, Tianjin and Hebei
Province is characterized by “one city alone”, while other cities
lack innovation resources to become innovation centers and limit

the development of morphological polycentricity. In recent years,
inter-city knowledge cooperation in the YRD has been increasing
and forming the certain functional division of labor. This has led
to a concentration of innovation resources not only in the top city
but also in other big cities. In this background, Hangzhou,
Nanjing, and Suzhou have become incubators and innovation
centers for knowledge production and innovation, improving the
morphological polycentricity of PUR. These factors cause the size
of Shanghai to decline in the scientific knowledge system of the
PUR, while more other cities improve their knowledge
production capacity and increase their size. However, the slope
of the fitted curve mainly satisfies the size distribution trend of
most cities. Therefore, in the fitted curve of the YRD rank order
scale analysis, most of the medium-sized cities dominated the
magnitude and trend of the slope, while the scale distribution of
Shanghai could not reach the desired height and was below the
highest point of the fitted curve.

FIGURE 3 | The monocentricity-polycentricity evolution of three PURs.
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4.3 Functional Polycentricity of Polycentric
Urban Regions
Although the rank-size analysis reveals the scale distribution
characteristics of PUR linkages and their morphological
polycentricity, it does not explore the balance of functional
linkages distribution and functional polycentricity. Therefore,
this paper adopts the social network analysis proposed by [8]
to measure the evolution characteristics of functional
polycentricity in three major PURs (Figure 4).

Firstly, in the evolutionary trend aspect, the functional
polycentricity indexes of the three major PURs all
increased, reflecting that the direction becomes relatively
more diversified and intensity becomes more balanced of
innovation linkage in the PURs. In addition, core cities
become hubs for internal and external knowledge
cooperation and play the function of hinges in the
innovation network. Since 2010, the functional
polycentricity of the three major PURs has increased
substantially, and the inter-city innovation linkages have
developed the trend of networking and polycentricity.
Secondly, there are regional differences in the polycentricity
among PURs, the YRD having the highest functional
polycentricity and the BTH having the lowest degree of
functional polycentricity, reflecting that the innovation
linkages of the YRD are more balanced. In the YRD, several
core cities such as Shanghai, Nanjing and Hangzhou gather
more high-level innovation linkages and become important
hubs for knowledge cooperation not only within the PUR but
also at the national scale, thus playing an important hinge role
in innovation networks. However, BTH is underdeveloped in
terms of functional polycentricity due to the fact that the
primary city dominates the development of the innovation
network and performs the hinge function of bridging internal
and external knowledge cooperation, while the other cities are
less interlinked and play a lesser hinge role. Finally, previous
studies measured the degree of functional polycentricity of
PURs using traffic flow, enterprise flow, and information flow,
and this paper uses similar information. As socio-economic

linkages between cities intensify, innovation factors such as
capital, technology and people flow in a more diversified and
balanced direction, resulting in core cities playing a hinge role
in internal and external knowledge collaboration and driving
the functional polycentric evolution of PURs.

4.4 Morphological Polycentricity vs.
Functional Polycentricity
Morphological and functional polycentricity reflect the evolution
of the spatial structure of the PUR. Table 1 summarizes the
evolution characteristics of morphological polycentricity and
functional polycentricity in the three major PURs (Table 1).

Firstly, morphological polycentric and functional polycentric
are coupled but have certain differences. In terms of the coupling,
the morphological polycentricity and functional polycentricity of
technological knowledge are relatively higher in the YRD and
PRD than in the BTH. In terms of the differences, the number and
scale of linkages of sub-center cities in the innovation networks of
the three major PURs have been gained. However, the
directionality and balance of linkages are relatively insufficient,
leading to functional polycentricity lower than morphological
polycentricity. Secondly, with the strengthening of intercity
knowledge cooperation, the innovation factors accelerate flow
and agglomeration, on one hand promoting the improvement of
urban and regional knowledge production capacity and the
morphological polycentric evolution, and on the other hand
facilitating the enhancement of intercity innovation linkages
and the functional polycentric development. Finally, the level
of technological integration has a deep impact on the function of
incubators and hinges in PUR, and the stronger the intercity
knowledge cooperation linkages, the better the functions of
knowledge production (incubators) and knowledge
collaboration (hinges). The YRD has the best intercity
innovation linkages and the highest level of technological
integration, with several large cities not only becoming centers
of innovation factor aggregation and knowledge production, but
also hubs and gateways for internal and external knowledge

FIGURE 4 | Functional polycentricity evolution of three PURs.
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collaboration. However, the BTH has the low level of innovation
linkage and relatively low level of technological integration, which
leads to the knowledge production and knowledge collaboration
functions are still mainly concentrated in the primary city. There
is not yet a good form of technological division of labor and limits
the rapid development of incubator and hinge functions in PUR.

5 DRIVINGMECHANISMSOF KNOWLEDGE
POLYCENTRICITY

In the background of economic globalization, the cities are not
isolated, but formed complex and various socio-economic
linkages with each other, which driving the economic
development and the polycentric structure evolution of PUR
through factor flow and agglomeration. In particularly, inter-
city knowledge cooperation promotes the free flow of innovation
factors and shapes knowledge polycentricity of PUR through
agglomeration and diffusion effects (Yingcheng and Nicholas,
2018). In addition, previous studies have shown that the
strengthening of inter-city knowledge interactions and
innovation linkages underlies the evolution of knowledge
polycentricity at different geographical scales [39]. Some
medium and small cities could achieve agglomeration
economies through the innovation linkages that develop with
large cities, thus driving the rise of sub-core cities and innovation
networks, which in turn drive the development morphology and
functional polycentricity of PUR. However, economic
geographers argue that inter-city knowledge flows are not only
influenced by geographic, organizational, institutional, social, and
cultural proximity but are also conditioned by the socio-
economic environment of cities. Therefore, this paper analyzes
the driving mechanism of the evolution of knowledge
polycentricity in PURs at two levels: city attributes and inter-
city proximity. Inter-city proximity mainly includes four
dimensions: Geographic, institutional, institutional, and
cultural dimensions. City attributes mainly include economic
development level, population size, number of R&D personnel,
R&D capital investment, and number of patents granted
(Table 2).

To verify the reasonableness of the model, the baseline
regression model was tested for multiple covariance,
heteroskedasticity, and serial autocorrelation. The results show

that the maximum values of both are less than 10, indicating that
there is no multicollinearity. The p-value of the BG test is 0.005,
indicating that there is no serial autocorrelation. In terms of inter-
city proximity, geographic, institutional, social and cultural
proximity all significantly affect knowledge flows, driving the
formation of innovation networks and knowledge polycentric
development (Table 3). Firstly, since geographic proximity is a
negative indicator, the intensity of inter-city patent cooperation
increases with the decrease of the geographic distance, which
expands the scope of knowledge spillover from the core city and
increases the innovation level of surrounding cities. In recent
years, the construction of expressways and high-speed railroads
in PURs in China has contributed to the “spatial-temporal
convergence” effect, enhanced geographical proximity of cities
along the route, and facilitated knowledge exchange and cross-
regional patent cooperation. Secondly, institutional proximity has
a significant positive impact on inter-city patent cooperation
since it can reduce the cooperation cost and increase the

TABLE 2 | Main variables and measurement methods.

Variable Description

Dependent variable Innovation Connections Frequency of inter-city patent cooperation
Inter-city Proximity Geographical proximity Calculated from Eq. 4

Institutional proximity Variables (0 and 1) indicating whether the city-pair belong to the same province
Social proximity Calculated from Eq. 5
Cultural proximity Variables (0 and 1) indicating whether the city-pair speak the same dialects

City Attributes Economic development Log (the product per GDP of two cities)
Population size Log (the product of population of two cities)
Innovation Output Log (the number of patents granted of two cities)
P&D Log (the number of R&D personnel of two cities)
Capital input Log (the financial expenditure of science and technology of two cities)

TABLE 3 | Regression results of urban network influence factors.

Variables Model 1 Model 2 Model 3

Geographical proximity −0.307*** — −0.336***
(12.61) (−16.40)

Institutional proximity 0.207*** 0.632***
(−3.44) (10.86)

Social proximity 28.662*** 13.264***
(28.34) (6.97)

Cultural proximity 0.34*** 0.097**
(5.45) (2.18)

Economic development — 0.151 0.32***
(1.04) (5.08)

Population size −0.413*** −0.009
(−3.67) (−0.17)

Innovation Output 0.123** −0.017
(2.24) (−0.67)

PRD 0.506*** 0.416***
(13.21) (15.48)

Capital input 0.662*** 0.704***
(9.38) (18.39)

Constant −1.232*** −28.46*** −35.096***
(−9.37) (−11.50) (−30.43)

Pseudo R2 0.264 0.302 0.473
Observations 8,173 8,173 8,173

Note: ***p < 0.01, **p < 0.05, *p < 0.10. Standard errors between brackets.
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possibility of success. For example, the YRD cities with high
institutional proximity have engaged in a lot of bottom-up
governmental cooperation, contributing to the tightening of
inter-city innovation linkages and the development of
knowledge polycentricity. However, the BTH cities have poor
inter-city institutional proximity since they belong to three
different provinces, and there is less inter-governmental
cooperation, which constrains the development of knowledge
polycentricity. Finally, cultural and social proximity also have a
significant positive impact on inter-city patent cooperation,
reflecting that good social relationships and cultural affinity
are conducive to enhancing trust in inter-city patent
cooperation, creating a social environment for knowledge
spillover, and promoting inter-city innovation linkages.

In terms of city attributes, the level of economic development,
the number of R&D personnel, and physical capital investment
significantly promote inter-city patent cooperation, but the effect
of city population size is not significant. High-intensity patent
cooperation is more likely to be formed among economically
developed cities since less economically developed regions lack
the demand and motivation for patent cooperation. In recent
years, the rapid economic development of the YRD and PRD have
led to the formation of several economically developed sub-center
cities, which have led to a more diversified direction of innovation
resource flow between cities and increased functional
polycentricity by radiation effect. In particularly, the YRD has
formed several cities with GDP over trillion such as Shanghai,
Hangzhou and Nanjing, and the PRD has formed three cities with
GDP over trillion such as Shenzhen, Guangzhou and Foshan. In
addition, the number of R&D personnel and physical capital are
also important conditions for innovation activities, and inter-city
patent cooperation is mainly directed to large cities with strong
scientific research strength, such as Shanghai, Beijing and
Shenzhen, which have become the main targets of high-
intensity innovation links in different city clusters. However,
although Beijing has a large number of higher education
institutions and research institutes and a large amount of
physical capital investment, other cities in the PUR have a
serious lack of scientific research strength, which leads to the
development trend of knowledge monocentricity by siphon
effect. In addition, the number of R&D personnel and physical
capital are also important factors for innovation activities, and
inter-city patent cooperation is mainly directed to large cities with
strong scientific research strength. Moreover, the population size
of cities does not have a significant impact on inter-city patent
cooperation, suggesting to a certain extent that inter-city
innovation linkages are not dependent on population size but
are more influenced by inter-city proximity and innovation
investment of cities.

6 CONCLUSION AND POLICY
RECOMMENDATIONS

6.1 Conclusion
Based on the unique patent cooperation data, this paper
establishes a systematic framework for identifying the

polycentric of PUR by using the rank-size analysis and social
network analysis. The main conclusions of this paper are as
follows.

1) In terms of morphological polycentricity, the BTH mainly
form a monocentric structure, the PRD forms a bicentric
structure while the YRD forms a polycentric structure. The
core cities of Beijing, Shanghai and Shenzhen become the hubs
of innovation resources and create a large number of
invention patents through knowledge collaboration, thus
playing the function of incubators of knowledge production
and innovation outcomes in PUR. In terms of functional
polycentricity, the three major PURs have been increasing
their functional polycentricity, but show a differentiated
development trend. The YRD has the highest degree of
functional polycentricity, while BHT has the lowest degree
of functional polycentricity. For example, Shanghai, Nanjing
and Hangzhou all form higher-level innovation links with
other cities, and become important linkage hubs for regional
knowledge collaboration, which also plays the function of
hinge in internal and external knowledge integration.

2) The morphological polycentricity and functional
polycentricity of PUR are not only coupled, but also
differentiated. In terms of collinearity, the innovation
networks of the YRD have formed a more stable
morphology and a higher degree of functional
polycentricity than those of BTH. In terms of difference,
the number and scale of the innovation networks have
obtained the increase, but the direction and balance of the
linkages are relatively insufficient. In addition, the functional
polycentricity is generally higher than the morphological
polycentricity in three PUR.

3) In terms of the driving mechanism, the increased innovation
linkages and the improved knowledge polycentricity in PURs
are attributed to a combination of geographic, institutional,
social, and cultural proximity. In the evolution of knowledge
polycentricity, geographic, institutional and social
multidimensional proximity promotes the free flow of
talent and knowledge elements between cities, and makes
large cities becoming the important clusters of innovation
elements and incubators of knowledge production, which
promotes the development of morphological polycentricity.
In addition, multi-dimensional proximity also promotes
inter-city knowledge collaboration and enhances the overall
strength of innovation networks, and makes core cities
become important hubs for internal and external
knowledge integration, driving the evolution of functional
polycentricity in PUR.

6.2 Discussion
In the background of economic globalization, PUR have gained
new importance as the basic unit for national participation in
global trade and external exchanges. Although previous studies
have used traffic flow, enterprise flow and information flow to
measure the polycentricity of PUR, and have argued that PUR
become the places of economic agglomeration and hinges of
internal and external linkages [6,23,40]. However, the knowledge
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cooperation perspective is lacking to directly analyze the
incubator and hinge functions of PUR. Based on the
perspective of innovation network, this paper found that the
core cities of PURs become the agglomeration of innovation
resources and the incubator of knowledge production and
innovation outcomes through internal and external knowledge
integration. Moreover, the core cities have formed high-intensity
innovation linkages with other cities and become the gateway
cities with the strongest knowledge collaboration linkages,
playing an important hinge function. Therefore, the
perspective of innovation network helps to understand the
process of knowledge polycentric evolution and explains the
incubator and hinge function of core cities in knowledge
production and knowledge collaboration at the theory level,
providing evidence for the view of Gottman about the PUR as
incubator and hinge of knowledge production and hinge of
innovation networks. This paper also proves that PURs show
polycentric development characteristics from a dynamic
perspective in China, which making the PURs develop toward
more balanced and sustainable polycentricity. Last but not least,
this paper finds not only coupling but also differences between
morphological and functional polycentricity in PURs. However,
other scholars generally agreed that morphological polycentricity
differs from functional polycentricity [4,19,35], providing new
evidence for understanding the evolutionary pattern of urban
regionalization and polycentric structure. Therefore, the
identification of PUR polycentric structure should be
measured from morphological and functional perspectives
separately to obtain more accurate results and to formulate
regional spatial development strategies.

Due to the lack of data, this paper mainly uses patent
cooperation data to analyze the evolution of knowledge
polycentricity. However, high-tech enterprises and firms
are also important carriers of knowledge and have an
important impact on inter-city knowledge flows. In
addition, this paper mainly understands the evolution
pattern of knowledge polycentricity and its driving
mechanism from the regional scale, but the knowledge
production (incubator) and knowledge collaboration
(hinge) functions of core cities may show different
characteristics at the national or global scale. Such as
Beijing is not only a knowledge production center and
innovation linkage hub of BTH, but also a national or
global knowledge production center or internal and
external innovation linkage hub and gateway. Therefore,
future research could further focus on the influence of the
multiplicity of city networks at different scales on the
formation and evolution of polycentric structures to
provide a more comprehensive understanding of the
evolution of polycentric structures and spatial effects [41].

6.3 Policy Recommendations
Our study can enlighten future urban and regional planning from
three aspects. Firstly, when formulating city-regional plans,
extensive attention should be paid to the spatial and temporal
evolution of innovation network linkages of PURs. The scope of
PURs should be delineated, and central cities should be identified
based on actual functional linkages to guide a more balanced
distribution of innovation resources among different central cities
to increase inter-city technology cooperation. Secondly, the
building of infrastructure of the central cities should be
strengthened, and the social-institutional environment should
be improved to attract high-tech enterprises and enhance the
leading role of the central cities in the knowledge flow within and
outside the PUR. Thus, the knowledge spillover effect of the
central cities can be fully utilized to drive the coordinated
development of the neighboring cities. Finally, when actively
integrating into the innovation network of the PUR, other
cities in the cluster should find their positions and give full
play to their comparative advantages, which will encourage the
diversification of inter-city technological cooperation and form a
functional complementary technological innovation system. In
this way, the efficiency of technological output will be improved,
and the overall innovation level of the PUR can be promoted.
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